Predictions for light charged hadron production data in the current fragmentation region of deeply inelastic scattering from the H1 and ZEUS experiments are calculated using perturbative QCD at next-to-leading order, and using fragmentation functions obtained by fitting to similar data from e + e − reactions. Good agreement was obtained with the HERA data from years 1994 to 1997. There is a discrepancy at low Q and small scaled momentum x p , that was reduced by incorporating mass effects of the detected hadron. We also studied the contributions from the different hadron species, as well as from the various quark flavours in the ep reaction by performing quark tagging in the calculation. Comparisons to more recent and precise data show a larger discrepancy due to various neglected effects in our calculation, such as quark masses, soft gluon resummation and higher twist.
Introduction
Within the framework of the factorization theorem of Quantum Chromodynamics (QCD) at next-to-leading order (NLO) and leading twist, data for single hadron inclusive production in e + e − reactions have been used to constrain fragmentation functions (FFs) for light charged hadrons (π ± , K ± and p/p) in Refs. [1 -4] . This provides a test of perturbative QCD, as well as a constraint on the strong coupling constant α s (M Z ) at the Z boson mass scale M Z . Also, since the universality principle of the factorization theorem implies that the FFs are independent of the initial state, FFs extracted in this way can be used to make predictions for other hadron production processes such as those arising from ep reactions in the current fragmentation region and from pp and pp reactions.
sandoval: confronting fragmentation function universality with . . .
In this paper we confront predictions of normalized light charged hadron scaled momentum (x p ) distributions with single hadron inclusive production measurements in deeply inelastic scattering at the H1 [5, 6] and ZEUS [7 -9] experiments at high Q in the current fragmentation region, where the detected hadron originates from the fragmentation of a parton at high scale. Experimentally, these hadrons can be reliably distinguished from those in the target fragmentation region by working in the Breit frame. Some of the results can be found in Ref. [10] , but, since then, the H1 and ZEUS collaborations have released new data [6, 9] that we can now use for comparison.
The paper is organized as follows. We first present the formalism behind our calculations in Section 2. We define the observable we are studying, and give the form of the cross section in terms of the FFs. Then we discuss the modification to the cross section when the detected hadron's mass is not negligible, since this effect is important at sufficiently small x p and low Q. Section 3 contains our comparisons with the data, and we examine the uncertainties arising from the arbitrary choice of scale, of PDF set and of FF set, as well as the importance of gluon fragmentation and of the detected hadron mass. Furthermore, although the corresponding data are absent, the contributions from the individual fragmenting parton and from the detected hadron species to the cross section are calculated to further determine differences and similarities of the FF sets. We follow the work of Ref. [10] , but include comparisons with new data. In Section 4 we present our conclusions.
Theoretical formalism
We are concerned with the process ep → e+h+X, where h is a detected hadron and X is the remaining unobserved part of the final state. The kinematic degrees of freedom are chosen to be the centre-of-mass (c.m.) energy √ s of the initial state electron-proton system, which is given by s = (P + k) 2 and which is kept fixed in the experiments, the magnitude of the hard photon's virtuality Q 2 = −q 2 , the Bjorken scaling variable x = Q 2 /(2P ·q) and the scaled detected hadron momentum x p = 2p h · q/q 2 . The normalized cross section (with the s dependence omitted for brevity) takes the form
where, for convenience later, we use the shorthand O for d 2 σ/(dxdQ 2 ), where "cuts" refers to a specified region in the (x, Q 2 ) plane (see Refs. [5 -9] for the various cuts used by H1 and ZEUS), and where x pA(B) is the lower (upper) edge of the x p bin. The cross section and the kinematic variables are frame invariant, and are measured in the Breit frame. 
In this framework, the incoming parton i has momentum p = (x/y)P and the outgoing parton j has momentum
is the PDF of parton i in the proton, D h j is the FF of parton j to the hadron h, O ij is the equivalent factorized partonic observable, which is given to NLO in Ref. [11] , µ is the factorization/renormalization scale which distinguishes the soft from the hard subprocesses and a s (µ 2 ) = α s (µ)/(2π). Using the momentum sum rule, the integration over x p from 0 to 1 and the sum over h of Eq. (2) yields the factorized cross section in the denominator of Eq. (1), viz.
Now we introduce briefly the procedure to include the hadron mass effect. The production rate of the detected hadron falls as its mass m h increases due to the reduction in the size of the available phase space. This effect is particularly pronounced at small x p and low Q, where m h cannot be neglected relative to the hadron's spatial momentum. To account for this effect we note that in general, the scaling variables of the factorization theorem are given by ratios of the light cone momenta. To find the general relation between the true scaling variable of fragmentation and the measured variable x p in the presence of hadron mass, we work in the class of frames in which the spatial momenta of the virtual photon and the detected hadron are parallel, but which is otherwise completely general. The deduction of the formula can be found in Ref. [10] , where it is found that dO proton h /dξ p is related to the experimentally measured quantity dO
This normalization of the theoretical cross section agrees with one which has already been proposed [13] , and applied in analyses of experimental data [14, 15] , up to
Comparisons with HERA data
In this section we present our numerical results for the single hadron inclusive production measurements from H1 and ZEUS. Cross sections are calculated to NLO in the MS scheme using the CYCLOPS software [17] . We set the number of active quark flavours n f = 5. To account for the initial state proton, we use the CTEQ6M PDF set of Ref. [18] unless otherwise stated. We use their value Λ (5) QCD = 226 MeV. The factorization/renormalization scale is chosen as µ = Q unless stated otherwise. The detected hadron's mass m h is set to zero unless otherwise stated.
Scaled momentum distributions
In this subsection we compare theoretical predictions with single hadron inclusive production x p distributions measured by H1 [5] and ZEUS [7] . The predictions generally agree well with the ZEUS and H1 data (Fig. 1) . For both the H1 and ZEUS data, the predictions using the KKP FF set are the most gradual in x p , while the Kretzer predictions are the steepest. The predictions from the AKK and Kretzer sets are quite similar, particularly at large x p and for all x p values of the high Q H1 data. The predictions for the low Q H1 data show an undershoot at large x p . This behaviour may result from unresummed logarithms at large x p in the partonic cross section, since resummation tends to enhance the cross section. The overshoot from the low Q H1 data at small x p may be due to the theoretical errors in the calculation of ep reaction data discussed above. Indeed, better agreement is found at all values of x p with the high Q H1 data, where resummation is less necessary and where higher twist and mass effects are significantly reduced. Fig. 1 . Comparisons of theoretical predictions using the AKK, Kretzer and KKP FF sets with the x p distribution from ZEUS [7] and H1 [5] .
We now study various modifications to the predictions in order to understand the effect of increasing Q on the theoretical and propagated experimental errors. First we modify our theoretical approach to incorporate the detected hadron mass according to the method described in Ref. [10] . Since the hadron sample is dominated by pions, the "average" hadron mass is expected to be around m h = 0.2 − 0.3 GeV. However, to exaggerate the effect of hadron mass for illustration, we choose the larger value m h = 0.5 GeV. At small x p , this effect improves the description Fig. 2 . As in Fig. 1 , for the H1 data, using only the AKK FF set. The modifications to the default predictions (solid line) arising from the replacement of the CTEQ6M PDF set by the MRST2001 PDF set of Ref. [12] , from the removal of the evolved gluon, and from the incorporation of the hadron mass effect are shown.
of the low Q H1 data (Fig. 2) , while making negligible difference to the high Q H1 data over the whole x p range. However, this improvement should not be taken too seriously, since other low Q, small x p effects may also be relevant. In addition, the FFs from the various sets are artificially suppressed at small x p since the hadron mass effect was not accounted for in the analyses of Refs. [1, 2, 4] .
The error due to the freedom in the choice of PDF set, which we determine by calculating the predictions using the MRST2001 PDF set [12] , is rather small, particularly for intermediate x p values and for the high Q data.
The gluon contribution (also shown in Fig. 2 ) is clearly negative, although the evolved gluon FF is positive. In general, the gluon fragmentation is unimportant, particularly away from the smaller x p range and for the high Q H1 measurements.
For the low Q H1 data, the uncertainty from the freedom in the scale choice is largest at the smaller and larger x p values (Fig. 2) . In general, increasing the scale steepens the drop in the cross section with increasing x p .
To determine the importances of the fragmentations from the various quark flavours, we study the quark flavour tagged components of the cross section in Fig. 3 (the low Q predictions are not considered since, as we have just seen, the theoretical errors are larger). As anticipated from the valence structure of the initial state proton, the contribution to the overall fragmentation from the u quark fragmentation constitutes a significant amount (50% or more) of the H1 and ZEUS data, followed by the contribution from the c and d quark. Finally the contribution from the s quark is rather small and fragmentation arising from the b quark is neglible.
The relative importances of the fragmentations into the various light charged hadrons in ep reactions can be determined from the composition of the detected hadron sample with respect to the hadron species (Fig. 4b) . The uncertainty in the different yields is estimated by the spread of the results for the different FF sets, and is largest at large x p and smallest at intermediate x p . The AKK and Kretzer sets give rather similar descriptions of the π ± and K ± yields for all x p values shown, while the KKP set gives larger yields at large x p . Fig. 3. (a) The ratios of the quark tagged components of the cross section to the untagged cross section for the high Q H1 data, using the AKK, Kretzer and KKP FF sets. The lowest three curves show the contribution from the u quark tagged component only, the next three curves above the sum of the u and d components, the next three u, d and s etc. (b) The individual hadron species constituting the sample for the high Q H1 data, using the AKK, Kretzer and KKP FF sets (each line is for a single hadron, not a summation of hadrons). Fig. 4 . Comparisons of theoretical predictions using the AKK, Kretzer and KKP FF sets with the ZEUS data [8] . Each data set is measured in a specific x-bin and, together with its predictions, is shifted upwards relative to the one below by the indicated value for ∆.
Distributions in photon virtuality
Next we compare theoretical predictions with the single hadron inclusive production measurements at various Q values from H1 [6] and ZEUS [8, 9] . The predictions agree well with the ZEUS data in Ref. [8] (Fig. 4) , except for, at low Q, the overshoot at small x p and the undershoot at large x p . Note that the theoretical Q (GeV) Fig. 4 for the ZEUS (top) and H1 (bottom) most recent data [6, 9] . predictions are rather constant over the whole Q range of both data sets. Except at the lower Q and smaller x p region, the AKK predictions tend to be closer to the Kretzer predictions than to the KKP ones.
In the case of the recent results obtained by the ZEUS and H1 collaborations, some deviation from the data is found. These data are more precise, and therefore it may be necessary to include some effects neglected in our calculations such as masses of the heavy quarks, unresummed logarithms and higher twist, in order to obtain agreement as in the earlier data. Our results are shown in Fig. 5. 
Conclusions
We have performed a comprehensive analysis of single hadron inclusive production data at HERA, by calculating the theoretical predictions using FF sets that were obtained by fitting to accurate e + e − data. In general, good agreement was found using the AKK, Kretzer and KKP FF sets. However, at low Q and small x p the predictions overshoot the data, a problem which is partially remedied by including the detected hadron mass effect.
Fragmentation from the u quark gives the largest contribution to the overall fragmentation in ep reactions, followed by c and d quark fragmentation and finally from the s quark. Fragmentation from the b quark is negligible.
The fractional yields of each of the light charged hadron species in ep reactions depend strongly on x p , but to a much lesser extent on Q.
Relative to the experimental accuracy of the data sets, the AKK and Kretzer predictions, as well as their quark tagged components and π ± and K ± yields are very similar for all data considered.
Finally, we compared our results to the most recent H1 and ZEUS data, which use improved triggering and higher luminosity to obtain more precise results. In this case our predictions tend to deviate from the data. This discrepancy suggests phenomena unaccounted for, such as unresummed logarithms, higher twist and quark masses, or some other phenomena not mentioned here.
